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SECTION 1
INTRODUCTION

1. THE PROBLEM

The condition of the U.S. highway system has been and continues to be a major
concern of both the highway and trucking communities. [1] This is understandable givén
the fact that in 1990, combination vehicles with five or more axles accounted for 91
percent of the 18,000 pound equivalent axle loads (ESALSs) on rural Interstate highways.
[2] This heavy vehicle traffic and the pavement system it travels on combine to generate
a perpetual cycle of pavement deterioration and rehabilitation. Increasing truck traffic
leads to predictable pavement damage that in turn contributes to potentially increasing
dynamic loading of the pavement. This cycle continues until some form of pavement
rehabilitation is undertaken. The trucking community alters the design and operation of
their vehicles largely due to economic considerations (profit) but also in response to the
ride quality (or lack thereof) of the infrastructure to which they are bound. On the other
hand, the pavement community is constantly updating design and construction practice to
improve pavement performance. Unfortunately, both parties develop a form of "technical
tunnel vision" and work to resolve some of the same concerns without the Beneﬁt of a
possiblé mutual effort. As such it was recognized that there was a need to improve our
mutual understanding of truck pavement interaction. [3] Often, but not always, a
beneficial change in one community (such as smoother pavements) benefits the other

(less truck/cargo damage).

2. BACKGROUND AND OBJECTIVES
This report is part of a multiphased research project entitled "Truck/Pavement
Interaction" conducted jointly by the University of Washington, University of California-

Berkeley, Washington State Department of Transportation (WSDOT), California

Vehicle/Pavement. TXT 1 June 21, 1995



Department of Transportation (Caltrans), and PACCAR, Inc. This is an attempt to
promulgate a mutually beneficial dialog between the pavement and trucking
communities. The objective of the research is to investigate how different truck
suspensions, tire/axle combinations, tire loads, and tire pressures affect pavement
response and conversely how pavement condition affects truck performance and damage.
These objectives will be accomplished by operating instrumented trucks over an

instrumented pavement section. [1]

3. REPORT SCOPE

The report scope includes the following:

. analysis of material properties of the flexible pavement test section
. validation of instrumented pavement responses
. analyses of the truck and pavement responses.

The report is divided into five sections. Section 1 contains an introduction to the study.
Section 2 provides a brief review of some of the relevant literature. Section 3 overviews
the evaluation and characterization of the pavement test section built for this study at the
PACCAR Technical Center. Included is a discussion of the installed instrumentation
along with an analysis of the various strain measurements collected during the FWD
verification phase. Section 4 presents an overview of the instrumented truck and
pavement analyses conducted during September 1993. Section 5 is used to summarize

the study findings.



SECTION 2
LITERATURE REVIEW

1. INTRODUCTION

This section will be used to focus on previous flexible pavement test facilities and

analysis of pavement responses due to truck loads.

2. FLEXIBLE PAVEMENT TEST FACILITIES

Wester [25] noted that L.W. Nijboer performed the first comparisonvof calculated
and ineasured strain values in AC pavements in the Netherlands in 1955.

"This very promising first experiment was the start in developing

techniques to measure, under actual conditions, the strain at various levels

in a bituminous bound layer and at the interface between the bituminous

layer and the unbound base or sub-base."”

In Nijboer's study the surface strains were measured using elastic resistance strain gauges
mounted on the pavement surface. The results showed "relatively good agreement”
between the measured and calculated strain values.

Over the past 40 years since Nijboer's work there have been numerous other
attempts to design, construct, operate, and validate other AC pavement test facilities. In
general, the purpose of these facilities is to examine the correlation between theory and
what happens in real pavements under actual loads. [26] |
2.1 Types of Test Facilities

Test facilities with controlled construction and some form of accelerated loading
provide several advantages. Specifically, they allow relatively complete control over test
parameters, repeatab'ility of testing conditions, and the ability to apply a large number of
loads in a relatively short period of time. [27] Of course, test roads with retrofitted

instrumentation and actual vehicular loading provide the opposite scenario. They provide



an environment closer to in-service conditions but they sacrifice the experimental control
found in controlled test tracks.

The various test facilities can be divided into three basic groups:

. linear test tracks
. circular test tracks
. test roads with controlled or uncontrolled loading.

Sebaaly et al. [27] provided a thorough description of the prominent test facilities
in each of the three groups. | |

Most of the test facilities have been designed and built as true "test" sections
where the construction was controlled to allow instrumentation to be installed during the
construction phase. Only a small number of experiments have been conducted using
instrumentation retrofitted into an existing pavement and applying actual truck loads.
The loading was usually applied by some form of accelerated loading device.
Accelerated loading devices (ALD's) are of basically two types: circular and linear.
Generally speaking, circular ALD"s are restricted to operation at only one pavement
facility and linear ALD's are capable of being transported to various test locations
including in-service pavements. This is not to say that circular ALD's can not be moved.
Some of the circular ALD's can be moved from one test pavement to another at the same

facility to allow testing and construction to occur simultaneously.

2.2 Comparisons of Measured and Calculated Strains from Various Flexible
Pavement Experiments

A review of the research from flexible pavement test facilities shows numerous
examples of acceptable agreement between measured and calculated strains in bituminous
layers. A summary of these tests is contained in Table 2.1, which is not a complete list
but‘rather a representative sample. The number of tests conducted that result in
unacceptable agreement between measured and calculated strains is unknown. A
discussion of the specific results from a sample of the tests in Table 2.1 is contained in

Appendix A.
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Table 2.1 Summary of Various Instrumented Flexible Pavement Tests
Reporting | Test Locatlon| Type of Type of Strain Strain Pavement Type of Toad Source of | Year of] Exposed
Agency Facility Instrumentation Responses Structure Loading for | Magnitude | Theoretical Testing to
(Reference) Measured (inches) Testing (pounds) Computation #orl;tnal
raffic
California Northemn Linear Test | SR-4 strain gauges | Transverse at | Six Total Sections | Duals and 5000 to Boussinesq 1963 Yes
Division of California Track and | glued to surface or | surface and 1: AC3.75, super single -{ 9000 per equations
Highways Test Road | placed in carrier bottom of AC | BS 8.0 (CTB) 2 axle truck | wheel
(Zube [4]) block 2: AC6.75,
BS 6.0
3: AC13.75,
BS 120
4: AC3.0,
BS 9.0
5: AC 3.0 New
plus 2.0 Old,
BS Variable
6: AC2.0,
BS 4.0
Dutch Road Highway 1 Test Road | Strain gauge Radial at AC: 7.5 Single wheel | 2804 to Bummister 1967% | Yes
Research Centre attached to a thin surface and BS: None loads 4847 2 - layer
(Nijboer [26]) slab of sand asphalt | bottom of AC
Shell Laboratory | Hamburg, Linear Test | Gauge stuck to Radial strain | AC: 5.5 Linear test 880 10 4400 [Jones'tables of | 1967* | No
(Gusfeldt [29]) } Germany Track asphalt carrier block | at various BS:339 apparatus per wheel |stresses in 3
depths in AC (single tire) layer elastic
system
Shell Research | Highway 1 Test Road | 600 ohm electnical | Honzontal at | AC: 1.2 Single front | 2818 to- Jones tables of | 1967% | Yes
N.V. resistance surface and BS: 6.7 (ATB) wheel of a 4862 per stresses in 3
(Klomp [30]) various depths . loaded truck | wheel layer elastic
in AC (0-5.5 system
in.)
Shell Laboratory | Hamburg, Linear Test | Wire gauges glued [Transverse AC: 8.7 Lineartest | 1100to BISTRO 196/-69 [ No
(Dempwolff Germany Track into asphalt carrier [and Section I (Dense) | apparatus 4400 per 1972*
[28D) blocks Longitudinal at | Section II(Open) | (single tire) | wheel
. Jvarious depths {BS: 11.8
in the AC
Nihon Unav, Tomex In service | Electric resistance | Transverse AC:39 Dual wheel [ 6600 to Bumister 1972¢  1Yes
Japan Highway pavement | gauges moldedby Jand BS: 7.1 (ATB) loads 15,400 per | (single and dual
(Miura [31]) (between epoxy and polyester |Longitudinal at|SB: 6.7 (CTB) wheel circular
Tokoyo and resin various depths loading)
Nagoya) in the AC
National Institute | Special Road ]In service | Strain meters Tensile stran  [AC: 1.0,2.0,3.9 |2 axle single | 2565 to Chevron 1972*  [Yes
for Road 1272, pavement | developed by Road |[at the bottom |(Dense and Open | wheel truck | 8370 per computer
Research, South | South Africa Research Lab in the |of the AC Grade) wheel program
Africa UK BS: 11.8
Freeme [11]) SB: 3.9 (LTB)




L

Table 2.1 Summary of Various Instrumented Flexible Pavement Tests (continued) |

Reporting | Test Location] Type of Type of Strain Straln Pavement Type of Toad Source of | Year of | Exposed
Agency Facility Instrumentation Responses Structure Loading for | Magnitude | Theoretical | Testing to
(Reference) Measured (inches) Testing (pounds) Computation !’}ormal
: raffic
Ronikljke/Shell | ES Motorway, | Tnal Section] Strain gauge type not | Longitudinal | Section 1 Wheel of a | 450 BISAR 1972%  [Yes
-Laboratorium - | Netherlands reported and transverse | AC: 8.3 skid :
(Yalkering [32]) at surface and | BS: 7.1 (CTS) measurement
transverse at | Section II system
28indepth JAC:11.0
BS: None
Royal Military | Royal Military | Test Pit Foil type gauges Honzontal AC:45109.8 121 2250 to BISAR 1983*  [No
College; Ontario | College, bonded to top and tensile strains | (with and without | diameter 9000
Ministry of Kingston bottom of plastic at mesh and | plastic mesh) rigid circular
Transportation mesh; Mastic strain | bottom of AC | BS: None plate
and carriers (ARC) with SG: Dry and
Communication; two 120 ohm gauges saturated
Gulf Canada, embedded in mastic
Ltd.; Univ of plate
Waterloo
(Halim [33])
Laboratoire Nantes, Circular test | H-gauges glued to  [Honzontal Ring By, Accelerated | 22,500 and | ALIZE III 1984 No
Central des Ponts | France track aluminum or strain at Section 1 loading 29,250 per | computer
et Chaussées plexiglass backing bottom of AC IAC:2.0 device axle program
(LCPC) and vertical I1BS: 17.7 (ALD) with
(Autret [34]) sstaam at top of 4 half axles
Organization for | Nardo, Italy [ Linear test | H-gauges, gauges |Honzontal AC:5.1 2 axle truck | Front axle: | Method of 1983 No
Economic track glued into carrier strain at a BS:6.7 12,155 Equivalent .
Cooperation and blocks, core gauges |depth of 2.0 in. Rear axle: | Thickness
Development and at bottom 25,636 (MET)
(OECD) of AC
iScazziEa [35]) .
Tumer- Linear test | Gauge type not Surface and  [Lane 1 Linear ALF [ 9400, ELSYMS 1988* [No
(Bonaquist [36]) | Fairbank track reported bottom of AC JAC:5.0 (one half of- | 14,100 and
Highway BS: 5.0 a dual tire 19,000 per
Research Lane 2 single axle) | half axle
Facility AC:7.0
BS: 12.0
Ministry of Road and Linear test | Dynatest strain .3 inches AC:4.7,7.1,and 11,250 BISAR 1992* [No
Transport, The | Railroad track transducer and TML Jabove bottom ]9.4
Netherlands Research embedment gauges jof AC BS: None
(Dohmen [37]) | Laboratory
Dutch Team, TCPC, Nantes, [ Circular test [ TML embedment | Radial strain at | AC: 5.5 ALD (hall | 12,938 per | BBAR _ [1989  [No
g(l)zlé(ll)E Project, | France track strain gauges bottom of AC |BS: 11.0 axle) half axle 1991+
[38]
1 ) 1 3 ? ! 3 1 1 1 1 1 3 !



i § i i F i i i i § i i
Table 2.1 Summary of Various Instrumented Flexible Pavement Tests (continued)
Reporting | Test Locatlon ] Type of Type of Strain ~ Strain Pavement Type of Toad Source of | Year of | Exposed
Agency Facllity Instrumentation Responses Structure Loading for | Magnitude | Theoretical | Testing to
(Reference) Measured (inches) Testing (pounds) Computation %orn"l‘al
) raffic
Ministry of Y CPC, Nantes, | Circular test | 1ML embedment | Bottom of AC_fSection 01 1349 13,300 and | BISAK 1980 [No
Transport, The | France track gauges AC: 4.8 16,875 1992*
Netherlands BS: 11.0
(Dohmen [37]) Section 02
AC:55
BS: 11.0
Ministry of Road and Linear test | Gauge type not Longitudinal | AC: 5.9 FWD Not 3 layer system | 1992% [No
Transport, The | Railroad track reported and transverse | BS: None reported
Netherlands Research at bottom of
(Dohmen [37]) { Laboratory AC
Ministry of Road and Linear test | Gauge type not Longitudinal  JAC: 5.9 TINTRACK | 11,250 per | BRAR 1992%  |No
Transport, The | Railroad track reported and transverse | BS: None Super singles | half axle
Netherlands Research at bottom of and duals ‘
ohmen [37]) ] Laboratory AC (half axle)
A Pennsylvania |Linear test | Dynatest H-gauge [Bottom of the [Thin Single drive | 3760 to PENMOD 1989 No
(Sebaaly [39]) | Transportation Jtrack Kyowa gauge AC AC: 6.0 axle tractor | 20,820 per 1992*
Institute ARC gauge BS: 8.0 with a axle
Core gauge Thick tandem axle
AC: 100 semitrailer
BS: 10.0
Royal Insuitute of | Road and Linear test | Core gauges Honzontal at | Thin Section FWD 2813, 3626, | BISAR and 1989 No
Technology, Traffic pavement bottom of AC |AC: 3.1 and 11,250 | CLEVERCALC { 1991*
Sweden Laboratory, BS/SB: 244
(Lenngren[24]) | Finland Thick Section
. AC:5.9
. BS/SB: 21.7 .
Cambndge Univ.| Transport and ]| Test section | Metal foil gauges Transverse at JAC:7.9 Four - axle | Not Convolution 1992 INo
(Hardy [40]) Road bottom of AC |BS: 11.8 articulated | reported Theory
Research Lab vehicle (based on
dynamic
load)
Notes:
AC = Asphalt Concrete CTB = Cement treated base SG = Subgrade

BS = Base Course

SB = Subbase

ATB = Asphalt treated base
CTS = Cement treated sand

LTB = Lime treated base

* = Year reported in literature




The information contained in Appendix A demonstrates that reasonable
comparisons between measured and calculated strains can be achieved under a variety of

experimental conditions which include

(. magnitude of load

» source of load
* plate loading
truck axle
accelerated loading device
L falling weight deflectometer

* pavement loading 9

* pavement structures
* theoretical computational techniques
*  strain measurement techniques (gauge type).
The range of these conditions sorted by pavement load type are summarized in Table 2.2.
One observation from this summary is that a range of about 20 percent is regarded

as a reasonable expectation when comparing measured to calculated strains.

3. ANALYSIS APPROACHES FOR PAVEMENT AND TRUCK MODELING
3.1 Pavement Models

The currently available methods of pavement analysis are mostly based on static
analysis and may be subdivided into two main groups: Continuum methods and finite-
element and finite-difference methods. A few analytical methods for solving dynamic
problems in pavements are now available.

3.1.1 Static Methods

Elastic layer theory has been used successfully for the analysis of flexible

pavements since the 1940s, when it was introduced by Burmister [56]. Initially, the use of
the method was restricted to systems with two or three layers that extend to infinity in the
horizontal directions. More recently, a number of computer models, which can handle
more layers, have been developed (53, 64, 75). The finite-element method has also been

used for both flexible and jointed rigid pavements (63, 70, 71, 72, 74, 77, 79, 80, 82, 83,
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Table 2.2 Range of Experimental Conditions From Various Instrumented
Flexible Pavement Tests
Source of Load | Load Magnitude Pavement Gauge Type Theoretical
[Reference(s)] (pounds) - Structure Comparison
(inches)
Plate Loading from | 2250 to 9000 AC:4.5t09.8 Foil gauges and mastic carriers | BISAR
a Hydraulic BS: None
Actuator
[33] _ _ -
FWD 2813 to 16,875 AC:3.1t109.4 Core, TML, Dynatest BISAR, CLEVERCALC
[24, 37] BS:0t011.0
Single Wheel Loads | 450 to 9000 per AC:1.0t011.0 SR4, SR4 in carrier blocks, Boussinesq, Burmister 2-
(vehicular) wheel BS: 0to 33.9 gauges attached to sand layer, Jones' Tables,
[4, 11, 26, 30, 32, CTB, ATB, CTS asphalt, electric resistance, Chevron, BISAR
35,] SB:01t0 3.9 (LTB) | UK strain meters
Dual Wheel Loads | 5000 to 15,400 per | AC: 2.0 to 10.0 SR4, SR4 in carrier blocks, Boussinesq, Burmister,
(vehicular) wheel BS: 40t 12.0 electric resistance molded by MET, BISAR, PENMOD
[4, 31, 35] CTB, ATB epoxy and polyester resin, H-
SB: 0to0 6.7 gauges, gauges in carrier
. blocks, core, Kyowa, ARC )
Single Wheel ALF | 880 to 11,250 per AC:551t08.7 Gauges 1n carrier blocks Jones' Tables, BISTRO,
[28, 29, 37] wheel Open, Dense BISAR
BS: 0t033.9
Dual Wheel ALF 9400 to 19,000 per | AC:2.0t0 7.0 H-gauges glued to aluminum | ALIZE III, ELSYMS,
[34, 36, 37, 38] set of duals BS: 0to0 17.7 BISAR

or plexiglass backing, TML




85, 91, 93). Surprisingly, there is only a small number of studies which héve considered
the validation of these models by comparison with field measurements (54, 72, 81, 92).

3.1.2 Quasi-Static Methods

Quasi-static methods are based on the idea of positioning the load at subsequent
positions along the pavement for each new time step, and assuming the load to be static at
each position. These methods use stétic analysis to compute the loading position which
will give the most severe effect. This is done via the concept of influence lines or
functions. The influence line determines the (static) effect of a unit load, acting at various
positions, on the magnitude and sign of the primary response of the pavement structure
(i.e. stresses, strains, and deflections). An influence line thus gives the variation in the
static response at one (fixed) point due to a unit load traversing the pavément. The
concept of using the influence line of a moving unit load to determine the critical
positions of actual loads which give a maximum or minimum effect in a pavement
structure was published by Winkler in 1868.

A recent study has applied this concept with a static finite-element computer
program to study the contribution of dynamic truck loading to rigid pévement
performance [51]. Another study has compared strain time histories obtained in a field
experiment with predictions made using a quasi-static application with a static finite
element computer program [81]. The justification for using a quasi-static method has
been based on the fact that traffic velocities are less than 10 percent of the critical
velocity of typical pavements. This velocity is defined as the propagation velocity of a

transverse deflection wave through the pavement.

3.1.3 Dynamic Methods

Dynamic models that have been developed for the analysis of pavements can be

largely classified into two main categories:
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. A beam or plate supported by massless springs (Winkler foundation) [55,
57, 58, 60, 69, 73, 76, 78, 95] or supported by a half-space [52, 60]. The
foundation may be modified to include inertial effects [69, 87].

. A lay¢red structure of elastic or visco-elastic solids [62, 88).

A new prismatic model combining the finite element method and visco-
elastic layer theory has been published very recently [67). The finite
element formulation is used to model an irregular region which includes
the pavement structure and the soils underneath it. The visco-elastic layer
theory is used to model the far-field region via semi-infinite thin-layered
elements. The two regions are joined by energy-transmitting boundaries.
This model applies only to continuous flexible pavements because of its
prismatic nature and its inability to handle discontinuities.
Dynamic models vary in complexity according to the structure analyzed
(finite or infinite beam/plate; elastic or visco-elastic Winkler foundation,
or visco-elastic layers) and the loading (stationary, moving, constant,
harmonic, random). The solutions vary from closed-form expressions
using Fourier and Laplace transforms to numerical algorithms using direct
time integration methods, numerical convolution, and the method of
complex response. A number of methods have been used to account for
- the moving effect of the load. They range from using the Dirac function or
the Kronecker delta operator to pre-multiplying the load by time
dependent deflection shape functions or applying a pulse load with a
duration equal to the time taken to travel one tire contact length.
Research conducted in the late eighties and early nineties at the University of
California at Berkeley led to the development of two finite layer/element computer

programs for the dynamic analysis of "flexible" and "rigid" pavements:

11



. SAPSI Computer Program
SAPSI is a PC-based FORTRAN computer program which calculates the
dynamic response of a n-layered viscoelastic system to multiple surface
loads. Material properties for each layer may be varied with frequency.
Chen verified the program against analytical solutions [61], and
Tabatabaie validated it by comparison with field measurements [92].

. DYNA-SLAB Computer Program
DYNA-SLAB is a PC-based FORTRAN computer program which
calculates the dynamic response of a concrete slab system to moving
fluctuating loads .using the finite-element method of analysis. The
underlying soils can be modeled either as a damped Winkler foundation or
as a layered viscoelastic system. Chatti validated the model by comparison

with theoretical results as well as with field measurements [60].

3.2 TRUCK MODELS

As seen by pavements, a truck is a set of moving, time-varying surface stresses.
These stresses represent the static load carried by each axle as well as the dynamic
fluctuations generated by the roughness of the pavement surface profile.

A number of truck simulation models for predicting dynamic wheel loads have
been developed by several research organizatiohs, including MIT [68], UMTRI [65] and
the University of Cambridge. These models are planar, with pitch being the only form of
rotation allowed. Key factors affecting the accuracy of these models include the proper
modeling of non-linear properties of the suspension springs, kinematics of tandem axles
and the sequential input of the road profile into the different axles. Truck simulation

models have by-in-large been validated by comparison with full-scale tests.
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SECTION 3

EVALUATION AND INSTRUMENTATION OF THE
PACCAR TEST PAVEMENT

1. INTRODUCTION
This section will be used to describe the PACCAR test pavement, its evaluaﬁon,

and the instrumentation including the installation and verification process.

2. DESCRIPTION OF THE PACCAR TEST SECTION

The test pavement is located at the PACCAR Technical Center at Mount Vernon,
Washington (about 60 miles north of Seattle). It is a flexible pavement surfaced with
5.4 inches (mean value) of dense graded AC (WSDOT Class B) over a 13.0 inch crushed
stone base. The subgrade is a sandy clay. A cross section of the pavement structure is
shown in Figure 3.1. The water table was measured at a depth of 66 inches during
installation of the instrumentation.

Fifteen AC core samples were taken from the section for installation of the
instrumentation. These cores were used to conduct various tests of the materials. The
coring and materials testing were conducted by WSDOT. The results are contained in
Tables 3.1 and 3.2. Table 3.1 shows that based on the 15 samples taken, the AC layer is
felatively homogeneous and of a generally uniform thickness. Table 3.2 compares the
gradation of axial Cores 1 through 5 to the gradation band for WSDOT Class B ACP.
The PACCAR mix mostly falls within the Class B band except for the No. 200 sieve.

The instrumented section is approximately 14 feet wide and 40 feet long. It is
located along a section of the durability track at the Technical Center (see Figure 3.2). It
was closed to vehicular traffic except during scheduled pavement testing. There was

standing water virtually year round in the infield adjacent to the test section.
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Figure 3.1 Cross Section of the PACCAR Test Section
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Table 3.1.  Results of Thickness and Density Evaluation of AC Surfacing—

PACCAR Test Section
Core AC Thickness Bulk Rice Percent
Number (in.) Density Density Voids

1 - 5.16 2.300 2.503* 8.1

2 5.16 2.326 2.503* 7.1

3 5.16 2.387 2.503* 4.6

4 5.28 2.368 2.503* 54

5 -~ 5.16 2.347 2.503* 6.2

6 5.40 2.289 2.505 8.6

7 5.16 2.349 2.502 6.1

8 5.40 2.369 2.503* 54

9 5.28 2.326 2.503* 7.1
10 5.76 2.297 - 2.503* 8.2

11 5.52 2.315 2.503* 7.5

12 5.64 2.301 2.503* 8.1

13 5.76 2.285 2.503* 8.7

14 5.64 2.278 2.503* 9.0

15 5.52 2.313 2.503* 7.6
Mean 5.40 2.323 N/A 7.2
Standard Deviation 0.23 0.034 N/A 14
Minimum 5.16 2.278 N/A 4.6
Maximum 5.76 2.387 N/A 9.0

Count 15 15 N/A 15

Notes:  Rice densities performed on cores 6 and 7 only.

* Average of Rice densities from cores 6 and 7 used to

determine air voids.
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Table 3.2.

Results of Extraction and Gradation of Cores 1 through 5—
PACCAR Test Section

Percent Passing

Sieve Core Number WSDOT
Size 1 2 3 4 5 Class B
5/8 100 100 100 100 100 100
172 98 98 98 99 99 90-100
3/8 89 89 90 92 89 75-90
1/4 68 67 71 74 69 . 55-75
10 36 37 37 39 37 32-48
40 17 18 18 19 18 11-24
80 11 12 12 12 12 6-14

200 7.4 8.3 8.0 8.4 8.1 3-7
% Asphalt 54 5.1 5.1 5.5 5.0
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3. BACKCALCULATION OF TEST SECTION LAYER MODULI

The first step in evaluating a test section is to establish the material properties for
each of the layers in the pavement structure. There are two basic methods: laboratory
testing and field testing. For this test section, a combination of both methods was used.
Cores and laboratory tests were used to verify AC layer thickness and evaluate the asphalt
concrete mixture that was discussed above. Backcalculation of FWD deflection data was
used to establish aﬁpropriate layer moduli.

Subsequently, due to insight gained during the estimation of layer moduli for this
test section, an additional examination of available data from SR 525 was made. This
was done to verify or confirm the significant impact of the water table on the
backcalculated layer moduli.

3.1 PACCAR Test Section

During October 1991, the WSDOT Dynatest 8000 FWD was used to obtain
deflection measurements at 61 separate locations (130 drops). One basin was deleted due
to a faulty sensor reading at the 8 inch offset. The applied loads varied from 4,874 to
14,527 pounds. Sensor spacings for the FWD were set at 0, 8, 12, 24, 36, and 48 inches.
During testing, the measured average mid-depth temperature of the AC layer was 68° F.
By use of EVERCALC 3.3, the layer moduli were estimated for various conditions using
the previously mentioned layer thicknesses (surface and base) and Poisson's ratios of 0.35
(AC) and 0.40 (base). The pavement structure was modeled as a four layer system by
inclusion of the stiff layer option in EVERCALC.

Initially, the stiff layer was fixed with a modulus of 1,000 ksi with the depth to
stiff layer estimated by use of the software algorithm. This estimated depth from the top
of the pavement surface ranged between 60 and 70 in. and was extremely close to the
measured depth of water table (see Table 3.3). Further, there are no known rock or other

major layer transitions within several feet of the surface at this site. Using the 1,000 kst
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Table 3.3. Calculated (EVERCALC 3;3) Depth to Stiff Layer

Based on October 1991 FWD Testing—PACCAR Test Section

DEPTH TO STIFF LAYER

(inches)
Mean 64.9
Standard Deviation 29
Minimum 59.4
Maximum 70.2

Number of Drop Locations (n)

Table 3.4. Sensitivity of Layer Moduli as a Function of the Stiff Layer Modulus —
PACCAR Test Section, October 1991 FWD Testing

Estif
Pavement Layers 10ksi | 25ksi | 40ksi | 50ksi | 75ksi | 100ksi | 1000 ksi
Asphalt Concrete* 884 828 563 476 405 368 284
(kst) ‘
Crushed Stone Base™ 2.5 4.2 15 20 27 30 42
(ksi)
Fine-grained Subgrade™ | 1436 43 10 8.5 7 7 5.3
(ksi)
Total Runs with RMS% 22 113 120 118 80 77 31
<=2.5%
*Calculated from runs with a RMS% <=2.5%.
Table 3.5. Sensitivity of RMS Values as a Function of the Stiff Layer Modulus —
PACCAR Test Section, October 1991 FWD Testing
Esif
RMS (%) 10ksi | 25ksi | 40ksi | SOksi { 75ksi | 100ksi | 1000 ksi
Mean* 3.0 1.4 1.3 1.7 23 2.6 3.8
Standard Deviation* 0.7 0.8 0.9 1.0 1.2 1.3 1.6
Minimum®* 1.4 04 0.2 0.2 0.6 0.8 1.4
Maximum®* 5.6 5.2 6.9 7.5 8.2 8.5 94
Total Runs with RMS% 22 113 120 118 80 77 31
<=2.5"
*Calculated for 129 deflection basins.
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modulus for the stiff layer, only 31 of the 130 deflection basins resulted in an RMS error
convergence of 2.5 percent or less (2.5 percent was used as an acceptable upper limit).
Thus, it was decided to fry various values for the stiff layer modulus ranging from a low
of 10 ksi to a high of 1,000 ksi. The resulting layer moduli are shown in Table 3.4 énd
associated RMS statistics in Table 3.5.

The results suggest that the stiff layer was "triggered" by the saturated conditions
below the water table and, for this condition, a stiff layer modulus of about 40 ksi is more
appropriate than the traditional value of 1,000 ksi. This observation is based on the RMS
and AC modulus values. For example, the AC modulus of 563 ksi corresponds to an
expected value of about 600 ksi based on previously conducted laboratory tests for
WSDOT Class B mixes — a rather close agreement. The base modulus of 15 ksi might
be a bif low but the subgrade modulus of 10 ksi appears to be reasonable (based on soil
type).

The effect of using various stiff layer stiffnesses can be illustrated by use of one
of the critical pavement response parameters (horizbntal tensile strain at the bottom of the
AC) used in mechanistic-empirical pavement design (new or rehabilitation). Figure 3.3
shows the strain backcalculated from the October 1991 deflection data versus FWD load
using all deflection basins that converged with a RMS error percentage at or below 2.5
percent at each of the three stiff layer conditions. Clearly, the estimated strain levels are
significantly influenced by the stiff layer modulus condition.

Layer moduli backcalculated from the October 1991 FWD deflection data were
plotted as a function of FWD load to examine the suitability of usiﬁg layered elastic
analysis to determine the layer moduli for the PACCAR section. bThe layer moduli were
backcalculated from the 122 deflection basins that converged with a RMS error
percentage at or below 2.5 percent. The stiff layer modulus was set at 40 ksi and the
FWD load ranged from 4874 to 14,527 pounds. The results of this analysis are shown in

Figures 3.4 to 3.6. Even though there is considerable variability in the layer moduli for
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the AC and base layers at a given load, the regression fit can be regarded as horizontal
(based on the coefficient of determination). This implies that the two variables (layer
modulus and FWD load) are independent of each other. The subgrade modulus does
show more sensitivity to load than the other two layers but not significantly.

In order to conduct further énalysis of this potential influence of saturated soil

conditions on backcalculated layer moduli, data from a pavement section with a known or

- suspected saturated subgrade condition was requested from the Washington State DOT

(SR 525).
3.2 SR 525 Pavement Section

Since both the depth and stiffness of the "stiff layer" can strongly influence the
backcalculated layer moduli (hence backcalculated strains in the pavement structure),
further verification was sought that saturated conditions are significant. To do this,
existing information on the SR 525 pavement section was used.

The field data for this pavement section consisted of FWD (Dynatest 8000)
deflection basins and boring logs at Mileposts 1.70 and 2.45 (the location is near the
Alderwood Mall in Lynnwood, Washington). This information was obtained from
WSDOT production data associated with the normal pavement design process. The FWD
testing was done on April 15, 1992, with a measured mid-depth AC temperature of 45° F.
The condition of the AC layer was quite variable with various amounts of fatigue and
longitudinal cracking, patching, and minor rutting. The boring logs (summaries of which
are shown as Figure 3.7) indicated no specific water table but moist/wet conditions were
encouniered at about 3 feet (MP 1.70) and 2 feet (MP 2.45).

The stiff layer algorithm in EVERCALC estimated a stiff layer condition at a
depth of 5.9 ft for MP 1.70. This depth coincides with a transition point from a medium
dense sand (22 blows per ft measured by standard penetration test (SPT)) to a very dense

sand (51 blows per ft). The calculated stiff layer for MP 2.45 was 5.0 ft which coincides
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with a transition from a moist, dense sand (42 blows per ft) to a wet, medium dense sand
(15 blows per ft).

The backcalculated layer moduli, stiff layer moduli, and associated RMS values
are shown in Table 3.6 for MP 1.70 and Table 3.7 for MP 2.45. The results for MP 1.70
appear to best match with the lower stiff layef modulus (50 ksi). An AC modulus of
about 1500 ksi would be expected based on uncracked laboratory test conditions. The
backcalculated AC modulus is within this range. Further, a visual inspection of the AC
condition showed no cracking or rutting at this specific milepost. The base and subgrade
moduli are reasonable with a low RMS level (1.0 percent average based on four
deflection basins). The MP 2.45 section was quite different. The AC layer exhibited
fatigue cracking and rutting, resulting in lower AC moduli. Overall, the lower stiff layer
stiffness is preferred; however, the average RMS values (again, based on four deflection

basins) are all rather high at this milepost.

Table 3.6. Sensitivity of Layer Moduli as a Table 3.7. Sensitivity of Layer Moduli as a

Function of Stiff Layer Modulus Function of Stiff Layer Modulus
— SR 525 Pavement Section, — SR 525 Pavement Section,
MP 1.70 MP 2.45
Pavement Estiff Pavement Estift
Layers 50ksi | 1000 ksi LAYERS S50ksi | 1000 ksi
Asphalt Concrete* | 1765 ksi | 503 ksi Asphalt Concrete* | 378 ksi | 234 ksi
(4.2 in) (4.2 in)
Crushed Stone 34 ksi 109 ksi Crushed Stone 28 ksi 41 ksi
Base* Base*
(9.6 in) ' (9.6 1n)
Subgrade* 129ksi | 7.6 ksi Subgrade* 3.9 ksi 3.0 ksi
(56.5 in) (46.7 in)
RMS(%)* 1.0 2.7 RMS(%)* 3.7 54
*Average of all runs *Average of all runs
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Only 50 ksi and 1000 ksi were used as stiff layer moduli for this pavement
section. While 50 ksi provides much better results than 1000 ksi, 50 ksi may not be the
optimal value for the stiff layer moduh_ls. These two moduli vaiues were selected only to
demonstrate the potential importance of the influence of saturated soil conditions.

3.3 Backcalculation Observations

The analysis of these two sections (PACCAR and SR 525) illustrates and supports

the following points:

. The stiff layer is important.

. The Rhode and Scullion [20] algorithm contained within the EVERCALC .

software provides a reasonable estimate of the depth to the stiff layer.
. The stiffness of the stiff layer appears to be influenced by saturated soil
conditions as well as the more obvious reasons (such as rock, and stress

sensitivity of the subgrade soils).

4. INSTRUMENTATION
4.1 Introduction

The following overviews the pavement instrumentation. Topics include the types
of instruments acquired, their location in the test section, installation techniques, and the
procedures used in data collection and reduction. A brief discussion of the initial
validation testing is also presented.
4.2 Acquisition

The types of instruments acquired for installation in the test section were selected

based on two parameters:

1. the data required to achieve the objectives of the research
2. installation requirements.

Because the instruments were to be installed in an existing pavement structure, this

dictated that the instruments must be suitable for such an application.
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Information was obtained from three sources:

J review of literature
dialog with other pavement researchers
) staff of the PACCAR Technical Center.

Instruments were needed to measure the following pavement responses:

longitudinal and transverse strain at the pavement surface
longitudinal and transverse strain at the bottom of the AC layer
shear strain at the pavement surface

shear strain at the mid-depth of the AC layer

deflection at the pavement surface

deflection at the bottom of the AC layer

deflection two inches below the top of the aggregate base
deflection two inches below the top of the subgrade

pavement temperature at various depths throughout the structure.

A foil-type gauge manufactured by Micro-Measurement was ‘chosen to measure
the various strain responses. An Australian-made Multidepth Deflectometer (MDD),
used exte;lsi'vely by the Australian Road Research Board, with four linear variable
differential transformers (LVDTs) and a piezoresistive accelerometer, was selected to.
measure pavement layer deflections. For temperature data, a multi-sensor thermistor-
based temperature probe manufactured by Measurement Research Corporation was
chosen.
4.3 Layout

A total of 102 (excluding temperature compensation gauges) of the foil-type strain
gauges (hereafter referred to as strain gauges) and one MDD were installed in the
pavement section. The measurement applications for the strain gauges are shown in
Table 3.8. Each axial strain gauge is designated by a three element name. The first
element represents the gauge number in the series of gauges at the same location in the
AC layer and oriented in the same direction. The second element represents the gauge's
location in the AC layer. An "S" represents the surface of the AC layer; a "B" the bottom

of the AC layer. The third element identifies the orientation of the measurement
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Table 3.8. Distribution of Strain Gauges—PACCAR Test Section

Number of Number of
Longitudinal Transverse Gauges Number of
Type of | Number of | Gauges per Location per Location Shear Gauges
Installation | Locations At At | At At per Location Total
Surface | Bottom | Surface | Bottom '
Axial Core 5 1 1 1 1 20
Shear Core 10 2 20
Shear Slot 1 20 20
Independent 4 1 4
Surface
Independent 38 1 38
Surface
Totals 67 102

direction. An "L" represents the longitudinal direction; a "T" the transverse. An example

is the gauge 3BL. This gauge is the third gauge which measures longitudinal strain at the

bottom of the AC layer.

The shear slot gauges are also identified by a three element name. The first

element represents the gauge number. The second and third elements for all these gauges

are the letters "SS" which stand for "shear slot.”

The shear core gauges have a two element name. The first element is the gauge

number. The second element is an "S" for "shear". A complete list of all the gauge
designations and their appropriate gauge location and measurement orientation is

contained in Table 3.9.
The physical layout of these gauges at the test section is shown at Figure 3.8. The
layout was designed to ensure the collection of critical pavement responses for both layer

elastic and finite element analysis methods. The axial cores were displaced laterally to
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Table 3.9. Description of Gauge Designations—PACCAR Test Section

Gauge Core Gauge Measureme
Destination Number Location nt Dimension
3ST Axial Core 1 Surface of the AC Transverse
3SL Axial Core 1 Surface of the AC Longitudinal
IBT Axial Core 1 Bottom of the AC Transverse
1BL Axial Core 1 Bottom of the AC Longitudinal
IST N/A Surface of the AC Transverse
1SL N/A Surface of the AC Longitudinal
2ST N/A Surface of the AC Transverse
2SL N/A Surface of the AC Longitudinal
4ST N/A Surface of the AC Transverse
4SL N/A Surface of the AC Longitudinal
58T Axial Core 2 Surface of the AC Transverse
5SL Axial Core 2 | Surface of the AC Longitudinal
2BT Axial Core 2 Bottom of the AC Transverse
2BL Axial Core 2 Bottom of the AC Longitudinal
6ST N/A Surface of the AC Transverse
6SL N/A Surface of the AC Longitudinal
7ST Axial Core 3 Surface of the AC Transverse
7SL Axial Core 3 Surface of the AC Longitudinal
3BT Axial Core 3 Bottom of the AC Transverse
3BL Axial Core 3 Bottom of the AC Longitudinal
8SL N/A Surface of the AC Longitudinal
9SL N/A Surface of the AC Longitudinal
8ST Axial Core 4 Surface of the AC Transverse
10SL Axial Core 4 Surface of the AC Longitudinal
4BT Axial Core 4 Bottom of the AC Transverse
4BL Axial Core 4 Bottom of the AC Longitudinal
11SL N/A Surface of the AC Longitudinal
12SL N/A Surface of the AC Longitudinal
13SL N/A Surface of the AC Longitudinal
14SL N/A Surface of the AC Lohgitudinal
15SL N/A Surface of the AC Longitudinal
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Table 3.9. Description of Gauge Designations—PACCAR Test Section (Continued)

Gauge Core Gauge Measureme
Destination Number Location nt Dimension
16SL N/A Surface of the AC Longitudinal
9ST Axial Core 5 Surface of the AC Transverse
17SL Axial Core 5 Surface of the AC Longitudinal
SBT Axial Core 5 Bottom of the AC Transverse
SBL Axial Core 5 Bottom of the AC Longitudinal’
18SL N/A Surface of the AC Longitudinal
19SL N/A Surface of the AC Longitudinal
20SL N/A Surface of the AC Longitudinal
21SL N/A Surface of the AC Longitudinal
22SL N/A Surface of the AC Longitudinal
23SL N/A Surface of the AC Longitudinal
24SL N/A Surface of the AC Longitudinal
25SL N/A Surface of the AC Longitudinal
26SL N/A Surface of the AC Longitudinal
27SL N/A Surface of the AC Longitudinal
28SL N/A Surface of the AC Longitudinal
29SL N/A Surface of the AC Longitudinal
30SL N/A Surface of the AC Longitudinal
31SL N/A Surface of the AC Longitudinal
32SL N/A Surface of the AC Longitudinal
33SL N/A Surface of the AC Longitudinal
34SL N/A Surface of the AC Longitudinal
35SL N/A Surface of the AC Longitudinal
36SL N/A Surface of the AC Longitudinal
37SL N/A Surface of the AC Longitudinal
38SL N/A Surface of the AC Longitudinal
39SL N/A Surface of the AC Longitudinal
40SL N/A Surface of the AC Longitudinal
41SL N/A Surface of the AC Longitudinal
42SL N/A Surface of the AC Longitudinal
43SL N/A Surface of the AC Longitudinal
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Table 3.9. Description of Gauge Designations—PACCAR Test Section (Continued)

Gauge Core Gauge Measureme
Destination Number Location nt Dimension
1S Shear Core 1 | Just Below Surface Shear
2S Shear Core 2 | Just Below Surface Shear
3S Shear Core 3 | Just Below Surface Shear
4S Shear Core 4 | Just Below Surface Shear
58 Shear Core 5 | Just Below Surface Shear
6S Shear Core 6 | Just Below Surface Shear
7S Shear Core 7 | Just Below Surface Shear
8S Shear Core 8 | Just Below Surface Shear
9S Shear Core 9 | Just Below Surface Shear
10S Shear Core 10 | Just Below Surface Shear
1SS Shear Slot Just Below Surface Shear
2SS Shear Slot Just Below Surface Shear
38S Shear Slot Just Below Surface Shear
4SS Shear Slot Just Below Surface Shear
5SS Shear Slot Just Below Surface Shear
6SS Shear Slot Just Below Surface Shear
7SS Shear Slot Just Below Surface Shear
8SS Shear Slot Just Below Surface Shear
9SS Shear Slot Just Below Surface Shear
10SS Shear Slot Just Below Surface Shear
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allow collection of strain measurements from both wheel paths and the approximate
centerline of the wheel base. The longitudinally oriented surface strain gauges were
specifically designed to evaluate the dynamic response of a truck as it travels down the
pavement section.
4.4 Installation

A four inch diameter core barrel was used to cut the 15 cores (5 axial, 10 shear)
from the pavement section. These 15 core samples were used to perform the materials
testing discussed earlier. The strain gauges were mounted on cores that were removed

from the adjacent lane of the pavement section using a 4.5 inch core barrel. This

‘procedure resulted in a clearance of only 1/16 of an inch between the sides of the core

and the hole in the pavement. One quarter of an inch was cut off the top and bottom of
the cores to provide a smooth surface for mounting the gauges. All pavement coring and
cutting was performed by WSDOT.

4.4.1 Axial Strain Cores

A slot 1/8 inch wide by 1/4 inch deep was cut along the length of the core as a
path for the necessary wiring (see Figure 3.9). Two gauges were glued to each end of the
core using a thin layer of epoxy. These two gauges were in the same perpendicular plane
and mounted at a 90 degree angle to each other forming an "L". One gauge measured
transverse strain, the other longitudinal strain. Coring resulted in varying amounts of
aggregate loss from the base course. The void resulting from this aggregate loss and

reduced core thickness was filled with the same epoxy used to bond the core back to the

"pavement section. To ensure the epoxy completely filled the gap between the sides of the

core and the hole in the pavement, the core was pushed into the hole until epoxy oozed up
along the sides of the core. In most cases this caused the top of the core to be below the
surface of the pavement and epoxy was also used to fill this void. As a result, the gauges
mounted on the surface of the cores were actually underneath the epoxy layer on top of

the core.
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4.4.2 Shear Strain Cores

The cores were cut in half lerigthwise to provide a mounting surface for the shear
gauges. A slot 1/8 of an inch wide by 1/2 inch deep was cut across the diameter of the |
top of the core to provide a path for the lead wires (see Figure 3.10). The procedures
used for gauge mounting and core installation were the same as those used for the axial
cores. The only difference was that a layer of epoxy was placed between the two core
halves just prior to their insertion into the hole in the pavement to bond them back
together.

4.4.3 Shear Slot

A long slot shaped like an inverted "L" was cut perpendicular to the section from

about the centerline to the shoulder of the pavement. The slot dimensions are shown in

Figure 3.11. Epoxy was used to glue the shear gauges along the vertical face of the cut at.

six inch spacing. The ‘lead wires were laid in the bottom of the slot and it was filled with
epoxy.

4.4.4 Surface Gauges

A series of inverted "L" shaped slots were cut into the section for mounting the
longitudinal aqd transverse surface gauges. Thc slot was formed by two cuts made side
by side. One was 0.25 inch deep and 0.5 inch wide. The other was 0.5 inch wide by
1 inch deep (see Figure 3.12). The gauges were glued in a horizon position on the ledge
formed by the width of the shallower cut. As in the shear slot, the lead wires were laid at
the bottom of the slot and the slot was filled with epoxy.

4.4.5 Temperature Compensation Gauges

Temperature compensation gauges were installed in both axial strain cores and
independent surface strain gauge applications. A separate strain gauge was embedded in
a layer of room temperature vulcanization (RTV) silicon sealant and mounted on a strip
of asphalt concrete. The RTV isolates the temperature compensation gauge from the
bending in the AC caused by temperature. The active gauge and the temperature
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Figure 3.11 Shear Gauge Slot Dimensions
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Figure 3.12 Surface Gauge Slot Dimensions |
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compensation gauge were connected to adjacent arms of the Wheatstone bridge circuit.
Use of the two gauges cancels the voltage output from the active gauge due to bending
caused by a temperature chahge in the AC. [43] One of these gaugeé was placed in the
1 inch slot parallel to each surface strain gauge. A temperature compensation gauge was
also mounted in series with each of the four active gauges per axial strain core. This
resulted in a total of eight gauges installed at each axial core (four active gauges, four

temperature compensation gauges). The shear gauges used in both the shear slots and the

- shear cores were self compensating and did not require a temperature compensation

gauge. The temperature compensation gauges also eliminated the non-linearity problems
associated with completing only one arm of a Wheatstohe bridge circuit.

4.4.6 Other Instruments

A temperature probe and multidepth deflectometer were also installed in the test
section; however, due to data acquisition difficulties, this data was not collected. The
thesis by Winters [5] contains installation details.

4.4.7 Wiring Slots and Electrical Panel

Numerous slots (0.5 inch wide by 1 inch deep) were cut parallel and perpendicular
to the test section to accommodate the enormous amount of lead wires from all the
gauges. At least one, and in some cases two, lead wire slots bisected the hole in the
pavement formed by the core (see Figure 3.13). The slots must be cut after the cores are
removed to prevent deformation of the core and to ensure proper alignment of the cut.
These slots allowed all the wiring to be channeled into a metal conduit (6 inches wide x 2
inches deep x 40 inches long) running parallel to the section just inside the shoulder lane.
The conduit is rectangular in shape and has a removable cover. From the conduit, all the
lead wires terminate in an electrical panel mounted just off the shoulder of the section.
The panel is inside a standard electrical cabinet mounted approximately 5 feet above the

ground. All Wheatstone bridge circuits were completed at the panel. The panel also
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pfovides the connectors for data collection instrumentation. The electrical panel layout is
shown in Figure 3.14.

4.4.8 Epoxy

There were two types of epoxy used in gauge installation. One type was used to
mount the gauges to the asphalt concrete, whether it was cores or slots, and the other was
used to bond cores to the pavement or fill in slots cut in the pavement.

4.4.8.1 Gauge Epoxy. The epoxy used to glue the strain gauges to the AC was
Micro—Meaéurement M-Bond AE-10. This epoxy system is designed for strain gauge
applications [46]; however, the product manufacturer does not publish a modulus of
elasticity for this adhesive. [47] The layer of epoxy between the gauge and AC surface is
so thin that its effect on measured strain is probably insignificant, particularly in view of
the other uncertainties in this measurement environment. The sensitivity of epoxy
modulus to temperature is also unknown. Should these uncertainties become more
important, laboratory testing could be used to establish the epoxy stiffness and
temperature sensitivity.

4.4.8.2 Pavement Epoxy. The selection of this epoxy was critical. As mentioned
earlier, the modulus of the epoxy should match that of the AC as closely as possible.
Unfortunately, technical and research reports describing previous use of epoxy in
instrumented pavement core applications did not provide any details on the specific type
or material properties of the epoxy used. From discussions with the Turner-Fairbank
Highway Research Center, they have recently used a 3M® Structural Epoxy; however,
the modulus of this product is unknown.

After further research, Sikadur® 32 Hi Mod 2 part epoxy was chosen. Originally,
it was understood that the modulus of this epoxy was 500 ksi (approximately the same
modulus for Class B ACP at 72°F) and that value was used when calculating theoretical
strain responses due to pavement loading. Near the end of this research, it was

discovered that the actual modulus of this epoxy is 440 ksi under ideal mixing and curing
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conditions (73° F aﬁd 50 percent relative humidity). [48] It is known that the curing
temperature ranged from 80 to 90°F; however, the relative humidity was unknown. The
effect of these less than ideal conditions on the modulus of the epoxy is unknown. The
modulus could be determined under laboratory testing but a comparison of the results to
the in situ material would be uncertain. In order to duplicate the stiffness of the in situ
material, the same proportions of the two components (as originally mixed) would have
to be mixed under the same curing conditions. It is believed that this is both impractical
and unnecessary. This will be discussed further. There was some minor cracking in the
epoxy within the first few weeks of installation. This cracking was caused by an
excessive volume of epoxy being used to fill the 4 inch diameter of the space above and
below the core. [49] When the epoxy is used to anchor cylindrical objects, the hole
diameter can not exceed .25 inch. [48] Exceeding this diameter causes "creep" which
results in cracking. [49] The cracking stabilized almost immediately and no further
problems have been experienced. Approximately 10 gallons of this epoxy were used
throughout the section.

4.4.9 Data Acquisition and Signal Conditioning

The proper data acquisition system is the key to obtaining meaningful data. [39]

Data acquisition and conditioning consist of three major components: hardware,

software, and acquisition parameters.

Hardware consisted of various computers and signal conditioners. The following
hardware was used during testing:

-

80286 microprocessor

. . data acquisition board
Microcomputer fixed disk

(IBM compatible) 4 serial/parallel port

multichannel analog-to-digital interface boards
color monitor
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Signal conditioner mainframe
Pacific Industries, PN # R16DC

Signal conditioner modules
Pacific Industries, PN # 3210 (1 per channel)

» Signal Conditioner

The signal conditioner provides the excitation voltage for the gauge circuitry and
amplifies the.millivol't signal from the transducers to a voltage that can be more easily
recorded and analyzed. A low pass (20 Hertz) filter was used in all data acquisition
except during the February 1993 FWD testing. It was found that this filtering was a
desirable method to reduce electrical noise.

The HEM Snapshot software packagé was used to control the hardware and
acquire the data from the strain gauges. The software stores the data in a binary format
but can be used to convert the binary format to ASCII. The signal from any gauge can
also be displayed on the monitor immediately after collection. This very useful capability
provides for immediate verification of signal quality and can help prevént acquisition of
"problem" data. :Fhe software also appends appropriate "header” information (date, time,
testing parameters) to the data file before writing to the fixed disk.

There are five basic parameters for data acquisition. The parameters and the

associated values used in data collection are shown in Table 3.10.

Table 3.10. Summary of Data Acquisition Parameters

Test Series
Data Acquisition October 1991 May 1992 June 1992 February 1993
Parameter FWD Testing | Truck Testing | FWD Testing | FWD Testing
Sample Rate (Hertz) 512 128, 256 512 512
Sweep Time 4 10.5 10 4
(seconds) ’
Voltage Range +1 t1 +1 +1
Gain | 5 5 5
{(ohms) :
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5. INSTRUMENTATION VERIFICATION
5.1 Introduction

The following provides an overview of the extensive effort made to verify the
accuracy of the installed instrumentation. Data collected during two series of FWD
testing is analyzed and a comparison of measured to calculated strains is presented. A
“comparison is also made between measured longitudinal and transverse strains at the
surface and bottom of the AC layer for one of the FWD tests. Because of their
importance to mechanistic-empirical design, only strains measured by the axial cores in
the wheel paths (Cores 1, 3, 4, and 5) will be presented. Core 2 is omitted due to its
location (centerline of the section) and the inability to establish realistic effective layer

thicknesses for the epoxy above and below the core.

5.2 _General Procedure for Reduction and Conversion of Measured Strain
Responses

When a load is applied to the pavement surface directly above a strain gauge, the

pavement deflects under the load. This deflection causes the AC layer to bend which in
turn causes the strain gange to elongate and thus induces a change in its resistance. A
Wheatstone bridge circuit is used to convert the change in resistance to a voltage signal
that can be measured by the instrumentation discussed previously. The voltage is then
converted to engineering units (microstrains) through the following steps.

1. A system calibration factor is determined by dividing the calibration strain
value of the shunt resistor used to calibrate the measurement system by the
voltage used to calibrate the system (shunt voltage).

2. A channel calibration factor for each channel is determined by taking the
system calibration factor from Step 1 and dividing it by the calibration
voltage of the bridge produced when the shunt resistance is applied to that
channel.

3. The data series collected during a load application is then zeroed by
subtracting a zero offset for each channel representing an average of the
first forty data points from each individual data point. This type of zero
procedure accounts for any "zero shift" in the data between initial system
calibration and actual data collection.

4. Microstrains are then computed by multiplying the result of Step 3 by the
channel calibration factor computed in Step 2. The resulting data series
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can be plotted for a strain-time trace or the maximum strain value can be
determined.

An example of this procedure for one channel is shown below where: |

calibration strain value of shunt resistor = 291.1 microstrains,

system calibration voltage (shunt voltage) = .727 volts,

channel calibration voltage = .772 volts,

channel zero offset = .08 volts, and

maximum voltage recorded under a 10k (pound) FWD load = .27 volts.

Step 1

) ) calibration strain value of shunt resistor
system calibration factor =

shunt voltage
291.1 microstrains

.727 volts
400 microstrains/ volt

U

Step 2

. . system calibration factor
channel calibration factor y

channel calibration voltage
400 microstrains/ volt

.772 volts
518 microstrains/ volt

U

Step 3

zeroed voltage measured voltage channel zero offset

; .27 volts -.08 volts
= .19 volts

Step 4
measured strain under the FWD load channel calibration factor (zeroed voltage)

518 microstrains volt (.19 volts)
98 microstrains

The raw data was recorded in a binary format. Because Microsoftg Excel was

used to perform the data reduction, the HEM Snapshot software was used to convert the
data to an ASCII format so it could be read by Excel. Some of the data was also

converted to ASCII using a basic program.

As noted by Sebaaly et al. [39], data conversion and reduction was a time

consuming process. This is mainly due to the volume of data. Four seconds of data
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collected during one FWD drop at one gauge represents 2000 data points. One data file
consists of 16 times (16 channels) this amount o_f data (about 600k bytes).

While this data reduction and conversion process was automated, visual
inspection and engineering judgment were used at critical stages of the analysis to ensure v
that the reduction and conversion process did not introduce any inaccuracies in the
output.

5.3 FWD Testin tober 10, 1991

The WSDOT Dynatest FWD was used to conduct deflection testing over the
entire test section. Testing was performed in a grid of 61 drop locations totaling 130
drops with more extensive testing on the five instrumented axial cores. As discussed
previously, EVERCALC 3.3 was used to backcalculate layer moduli from the deflection
data. It was decided that a stiff layer modulus of 40 ksi best represented the in situ
conditions and as such was used in the backcalculation procedure. The layer moduli
(mean values) presented earlier were used as representative of any location in the section
~ (descriptive statistics are contained in Table 3.11). |

Table 3.11. Descriptive Statistics for Backcalculated Layer Moduli—
October 1991 FWD Testing :

Layer Modulus (psi)

Pavement Layers AC Base Subgrade
Mean* 562,800 14,800 10,200
Standard Deviation* 113,700 2,400 1,200
Minimum* 368,100 9,500 7,000
Maximum* 757,800 21,300 13,200
Number of Drops* 120 120 120
Notes: '

* RMS <= 2.5%

Stiff Layer Modulus set at 40 ksi.
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5.3.1 Effective Layer Thicknesses

The first step in analyzing the strain data collected during this testing was to
model the effect that the epoxy above and below each core would have on the measured
strains. It was determined that the most practical method to accomplish this would be to
determine an effective thickness for each pavement layer based on the strains measured
under FWD loading.

The original AC and base course thicknesses were accurately measured during
coring and installation of the MDD. The approximate thicknesses of the epoxy on top of
and below each core were also known, but needed to be refined because of the inability to
physically measure the epoxy thicknesses. The effective layer thicknesses for axial Cores
1, 3, 4, and 5 are shown in Table 3.12. In all cases, the effective thickness of the AC
layer is 4.9 inches. This was calculated by subtracting the 0.5 inch (0.25 removed from
each end) trimmed from each core for gauge installation. The effective thicknesses of
each epoxy layer were determined by varying the thickness of the epoxy on top of and
below each core until the theoretical strain calculated from linear elastic theory
(CHEVPC) was similar to the strain measured by the gauges installed in the pavement
section. At Core 2, measured strains were only half of the calculated values with epoxy
thicknesses modeled at 1.5 inches on top of the core and none below the core. These
theoretical thicknesses are unrealistic given the known approximate thicknesses and as a
result, no further analysis of Core 2 was conducted. The effective thickness of the base
course was computed by subtracting the combined thicknesses of the AC and epoxy
layers from the original thickness (13 inches). The total thickness of the top four layers
was subtracted from the average depth to stiff layer for each core as predicted by
EVERCALC to determine the subgrade thickness. A summary of the stiff layer depths
for each axial core is contained in Table 3.13. It should be stressed that these are
effective layer thicknesses for their respective location along the test section. It was not

possible to physically validate these thicknesses without destroying the strain gauges.
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Table 3.12. Effective Pavement Layer Thicknesses Based on October 1991
FWD Data—Axial Cores 1, 3,4, and 5

Axial Core
Pavement Layers 3 4 5

Epoxy 0.4 in. 0.25 in. 0in. 0.6 in.

AC 4.9 in. 4.9 in. 4.9 in. 4.9 in.

Epoxy 0.4 in. 1.25 in. 0.5 in. 0.6 in.

Base 12.7 in. 12.0 in. 13.0 in. 12.3 in.

Subgrade 42.7 in. 46.0 in. 46.1 in. 43.8 in.
Stiff Layer Semi-Infinite | Semi-Infinite | Semi-Infinite | Semi-Infinite

Table 3.13. Summary of Calculated Depths to Stiff Layer Based on
October 1991 WSDOT FWD Data—Axial Cores 1, 3,4, and 5

Axial Core | Number of | Average Depth to Standard Resulting
Number Drops at the Stiff Layer (x) Deviation (s) Subgrade
Core (inches) (inches) Thickness (inches)
1 10 61.1 1.2 42.7
3 5 64.4 1.1 46.0
4 64.5 1.9 46.1
5 62.2 1.8 43.8

5.3.2 Calculated Strains

As mentioned previously, the linear elastic program, CHEVPC, was used to

calculate the theoretical strains under the various FWD loading conditions. The AC,

base, and subgrade layer moduli (mean values) backcalculated by EVERCALC with a

stiff layer modulus of 40 ksi were used as input to CHEVPC. The modulus of the

Sikadur® epoxy was set at 500 ksi. While the exact modulus of the Sikadur® epoxy is

unknown, 500 ksi is a reasonable assumption based on nondestructive test results and

manufacturer's information. Strain calculated at the surface and bottom of the AC layer is

a result of the compensating effect of the effective thickness and modulus of the epoxy.

Given the procedure used to calculate the effective thickness of the epoxy, reducing the
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modulus of the epoxy to 440 ksi (based on manufacturer's representation [48]) would
only result in a potential increase in effective thickness. The computational assumptions
of layered elastic analysis also contribute to the approximate nature of the calculation.
Layered elastic analysis assumes that all pavement layers (including the epoxy layers
above and below each core) extend laterally over the entire pavement section. The effect
of this assumption should be minimal since the only calculated strains being evaluated are
those actually above and below the layers of epoxy. Given these and other uncertainfies
in the measurement environment, it is believed that this difference in epoxy modulus is of
minor concern. A summary of the layer characteristics used as input to CHEVPC is
presented in Table 3.14.

5.3.3 Comparison of Measured and Calculated Strains

A comparative sample of the measured and calculated strains is shown in
Table 3.15. Strains were measured at only three of the four gauges at each core. Due to
the difficulty in matching the load data from each FWD drop to the corresponding
measured strain data (these are two different data files from two different computer
systems) the average load of all the same drop heights at each core was used to calculate
the theoretical strain. A loss of measured strain data for Core 3 resulted in a comparison
at drop height one only. As can be seen from the ratio of measured to calculated strains,

the agreement is reasonable.

Table 3.14. Summary of Layer Characteristics Used as Input to CHEVPC—
October 1991 FWD Testing

Layer . -

Payement | Nioduus | Pl
Epoxy 500,000 0.35
AC 562,800 0.35
Base 14,800 0.40
Subgrade 10,200 0.45
Stiff Layer | 40,000 0.35
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Table 3.15. Comparison of Measured and Calculated Strains from 1991

FWD Testing—PACCAR Test Station

AXIAL DROP | AVERAGED [MICROSTRAIN RATIO
CORE | GAUGE | HEIGHT LOAD MEASURED |CALCULATED | (MEAS/CALC)
1 1BL* 1 5109 130 120 1.08
1 1BL* 2 10785 240 253 0.95
1 1BL 3 14196 324 333 0.97
1 1BT 1 5109 120 120 1.00
1 1BT 2 10785 267 253 1.06
1 IBT* 3 14196 383 333 1.15
1 3ST 1 5109 -108 -109 0.99
1 3ST 2 10785 -202 -231 0.87
1 3ST 3 14196 222 -303 0.73
3| 3BL 1 | 5110 ] 76| 76 .00 |
3 | 7SL t | 5110 ] -118 | -101 1.17
3 | 7ST 1 | 5110 | -71 | -101 0.70
4 10SL 1 5268 -148 -142 1.04
4 10SL 2 10849 -304 -293 1.04
4 10SL 3 14099 -449 -381 1.18
4 4BL. 1 5263 125 [ 125 1.00
4 4BL 2 10849 256 257 1.00
4 4BL 3 14099 381 334 1.14
4 4BT 1 5268 122 125 0.98
4 4BT 2 10849 249 257 0.97
4 4BT 3 14099 348 334 1.04
5 17SL 1 5204 -82 -95 0.86
5 17SL 2 10718 -172 -196 0.88
5 17SL 3 13479 -231 -246 0.94
5 5BL 1 5204 104 106 0.98
5 SBL 2 10718 226 217 1.04
5 5BL 3 . 13479 276 274 1.01
5 5BT 1 5204 86 106 0.81
5 5BT 2 10718 172 217 0.79
5 5BT 3 13479 224 274 0.82
* The measured strain was extrapolated from a plot of strain vs. time.
Mean 0.97
Standard Dev. 0.12
n 30

51




A more detailed analysis is provided in Figures 3.15 through 3.18. These figures
plot the calculated versus measured strains for the axial core surface longitudinal, surface
transverse, bottom longitudinal, and bottom transverse gauges, respectively. These plots
indicate that, in general, the best agreement between measured and calculated strains is
found with the longitudinal gauges (surface and bottom). The surface transverse gauges
show the least satisfactory agreement (although acceptable). The descriptive statistics
representing the measured to calculated ratio for each gauge category (top or bottom of
AC, longitudinal or transverse orientation) are shown in Table 3.16. The dispersion
about the mean is relatively consistent across gauge type. Since horizontal tensile strain
at the bottom of the AC layer (as measured by the BL gauges) is a critical pavement
response for mechanistic-empirical design, the performance of the BL gauge type is
particularly noteworthy.

Measured to calculated ratios were also grouped for all gauges by drop height
(Table 3.17) and core number (Tablle 3.18) for analysis. A review of these statistics
shows relatively consistent performance across all drop heights and all cores.

5.4 FWD Testing—February 3, 1993

5.4.1 Backcalculation of Layer Moduli
The deflection data collected by the WSDOT FWD was used to backcalculate

layer moduli using EVERCALC 3.3. This series of tests was only conducted over axial
Cores 1, 3, 4, and 5. There were three drops at each of three drop heights (1, 2, and 4) per
core. The intent was to backcalculate a set of layer moduli for each of the cores tested.
Unfortunately, the deflection data for Cores 3 and 4 was lost due to a computer file
problem. The resulting data base consisted of 18 deflection basins. To make maximum
use of the measured strain data, the layer moduli backcalculated for Core 5 were used for
analysis of Cores 3 and 4. The decision was based on the fact that Cores 3,4, and 5 are
on the same longitudinal line in the section and realistic moduli were calculated for the

entire section from the October 1991 data based on a 61 location grid.
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1991 FWD Testing

Table 3.16. Summary of Layer Characteristics Used as Input to CHEVPC—October

Measured to Gauge Type -
Calculated Ratio SL ST BL BT
Mean 1.02 0.83 1.02 0.96
Standard Deviation 0.13 0.13 0.06 0.12
Minimum 0.86 0.70 0.95 0.79
Maximum 1.18 0.99 1.14 1.15
Sample Size 7 4 10 9

Table 3.17. Descriptive Statistics for Measured to Calculated Strain Ratios
by Drop Height—October 1991 FWD Testing

Measured to FWD Drop Height
Calculated Ratio 1 (5ksi) | 2 (10 ksi) | 3 (14 ksi)
Mean 0.97 0.95 1.00
Standard Deviation 0.12 0.09 0.15
Minimum 0.70 0.79 0.73
Maximum 1.17 1.06 1.18
Sample Size 12 9 9

Table 3.18. Descriptive Statistics for Measured to Calculated Strain Ratios
by Core—October 1991 FWD Testing

Measured to Axial Core
Calculated Ratio Corel | Core3 | Core4 | Core5
Mean 098 | 096 1.04 0.90
Standard Deviation 0.12 0.24 0.07 0.09
Minimum 0.73 0.7 0.97 0.79
Maximum 1.15 1.17 1.18 1.04
Sample Size 9% Jx® 9* 9%
Notes:
* Based on 3 drops at 3 gauges.
** Based on 1 drop at 3 gauges.
57




The applied load varied from 6050 to 17,880 pounds. Sensor spacings, layer
thicknesses, and Poisson's ratios were the same as those used when backcalculating the
October 1991 data. The measured temperature of the AC layer at a depth of 2 inches was
46° F at the start of testing and 43° F at the conclusion of testing (air temperatures were
47° F and 44° F, respectively).

Initially, the stiff layer modulus was set at 40 ksi. The resulting layer moduli
were unsatisfactory in that the AC and base moduli were t00 high and low, respectively
(refer to Table 3.19.). A value of 50 ksi resulted in more realistic layer moduli with
similar RMS error convergence. All the deflection basins (40 and 50 ksi stiff layer)
resulted in an RMS error convergence of 1.7 percent or less. The mean values for the AC
modulus were 1,575 ksi for Core 1 and 1,510 ksi for Core 5. This is remarkably close to
the laboratory value of 1,490 ksi for Class B ACP at 45° F. A summary of the resulting
layer moduli and RMS statistics is shown in Tables 3.19 to 3.21.

5.4.2 Effective e icknesses

The only layer thicknesses that were changed for analysis of this data were the
subgrade thicknesses. The subgrade thickness was determined by evaluating the
calculated depth to stiff layer in the same manner as was done for the October 1991 data.
" Since there was no available information to determine the subgrade thickness for Cores 3
and 4, and the difference between the calculated depth for Cores 1 and 5 was generally
the same for both testing periods (1.1 inches in October; 1.3 inches in February), the
subgrade thicknesses for Cores 3 and 4 were based on this same relationship. A summary
of the stiff layer depths (and resulting subgrade thicknesses) is contained in Table 3.22. It
is interesting to note that the calculated depth to stiff layer is about 14 inches deeper in
February 1993 than calculated in October 1991 (as calculated by EVERCALC). This is
indirectly supported by the fact that rainfall in the 13 months preceding the February

testing was approximately 7 inches below normal. [50]
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Table 3.19. Sensitivity of Layer Moduli as a Function of the Stiff Layer Modulus —
PACCAR Test Section, February 1993 FWD Testing

Egtiff
Pavement Layers Core 1 Core 5
| 40ksi | SOksi | 40ksi | SOksi
Asphalt Concrete™ (ksi) 1,874 1,576 1,949 1,510
Crushed Stone Base* (ksi) 11 20 13 27
Fine-grained Subgrade™ (ksi) 14 11 18 13

*All runs resulted in a RMS% <=1.7%.

Table 3.20. Sensitivity of RMS Values as a Function of the Stiff Layer Modulus —
PACCAR Test Section, February 1993 FWD Testing

Estif
RMS (%) 40 ksi 50 ksi

Mean* 1.1 1.2

Standard Deviation* 0.3 0.3

Minimum* 0.6 0.7

Maximum* 1.5 1.7

Total Runs with RMS% 18 18
<=1.7*

*Calculated for 18 deflection basins.

Table 3.21. Descriptive Statistics for Backcalculated Layer Moduli—February 1993 FWD Testing

Pavement Axial Core Number
Layer Moduli Core 1 Core 5
(pst) AC Base Subgrade AC Base Subgrade
Mean 1,575,700 | 20,300 10,700 | 1,510,300 | 27,500 13,400
Standard Deviation 197,300 4,000 400 128,600 1,800 501
Minimum 1,351,800 14,800 10,200 1,339,500 24,900 12,601
Maximum 1,832,300 | 25,600 11,000 | 1,679,000 { 30,200 13,742
Number of Drops 9 9 9 9 9 9

Note: Stiff Layer Modulus set at 50 ksi.
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Table 3.22. Summary of Calculated Depths to Stiff Layer Based on February 1993
FWD Data — Axial Cores 1, 3,4, and 5

Al)\(lll?rln ggrre Depth to Stiff Layer Resulting S(l;rt:g}rl?a(sli Thickness
(X) (inches) '
1 75.5 57.1
3 78.8% 60.4
4 78.9% 60.5
5 76.8 58.4

* Based on relationship established between Cores 1 and 5 from October 199

FWD Data.

Table 3.23. Summary of Layer Characteristics Used as Input to CHEVPC—

February 1993 FWD Testing

Core 1 Cores 3,4, and 5

Pavement Layer Poisson's Layer Poisson's

Layer Modulus Ratio Modulus Ratio
(psi) , (ps1)

Epoxy 500,000 0.35 500,000 0.35
AC 1,575,700 0.35 1,510,300 0.35
Base 20,300 0.40 27,500 0.40
Subgrade 10,700 0.45 13,400 0.45
Stiff Layer 50,000 0.35 50,000 0.35

The epoxy thicknesses were not changed fdr two reasons. First, it was felt that the
data collected in October 1991 matched the in situ relationship between gauge, epoxy,

and AC more closely—at least chronologically. Second, this allows for a more direct

comparison between the two tests.

5.4.3 Calculated Strains

The theoretical strains were calculated using the same procedure as for the

October 1991 data. Table 3.23 summarizes the layer characteristics used as input to

60




CHEVPC. The stiff layer modulus of 50 ksi was used due to the resulting AC modulus,
even though the RMS error was slightly larger (0.1 percent).

5.4.4 Comparison of Measured and Calculated Strains

In this test series, strains were measured at all four gauges at each core. The
averaged FWD loads for each drop height at each core were used for Cores 1 and 5.
Since this data was missing for Cores 3 and 4, the average of the loads used for Cores 1
and 5 was used for Cores 3 and 4. A comparison of the measured and calculated strains
is shown in Table 3.24. With a few exceptions, the agreement is within reasonable limits.

A plot of the calculated versus measured strain for the surface longitudinal,
surface transverse, bottom longitudinal, and bottom transverse gauges is contained in
Figures 3.19 to 3.22, respectively. In general, the best agreement is found with the
bottom gauges (longitudinal and transverse). The descriptive statistics representing the
measured to calculated ratio for each gauge type are shown in Table 3.25. Dispersion
about the mean is generally consistent excluding the BT gauges which show more
variability. The agreement between measured and calculated strains is acceptable for all
gauge types except the ST gauges. While the standard deviation is modest, the mean
value is too low. A possible explanation for this poor agreement is the misalignment of
the FWD load plate over the cores. If the load plate was not centered over the cores one
would expect the effect of this misalignment to dissipate with depth. In fact, the mean
value of the measured to calculated ratio for both surface gauges is substantially lower
than that of the bottom gauges.

Table 3.26 shows relatively consistent agreement across all three drop heights.
When the measured to calculated ratios are compared across cores (Table 3.27), Core 4
indicates poor agreement. The reason for this is unknown. It is unlikely that any of the
assumptions made regarding depth to stiff layer or layer moduli could have affected the
agreement. The assumptions appear reasonable for Core 3, and Cores 3 and 4 are only 2

feet apart.
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Table 3.24. Comparison of Measured and Calculated Strains from February 1993
WSDOT FWD Testing—PACCAR Test Section

DROP AVERAGED MICROSTRAIN RATIO
GAUGE HEIGHT LOAD MEASURED | CALCULATED| (MEAS/CALC)
1BL 1 6205 71 79 0.90
1BL 2 10753 99 138 0.72
1BL 4 17614 171 226 0.76
1BT 1 6205 91 79 1.15
1BT 2 10753 162 138 1.17
1BT 4 17614 253 226 1.12
3SL 1 6205 -46 -73 0.63
3SL 2 10753 -81 -126 0.64
3SL 4 17614 -122 -208 0.59
3ST 1 6205 -62 -73 0.85
3ST 2 10753 -100 -126 0.79
3ST 4 17614 -153 -208 0.74
3BL 1 6160 68 60 1.13
3BL 2 10660 125 105 1.19
3BL 4 17730 205 175 1.17
3BT 1 6160 70 60 1.17
3BT 2 10660 131 105 1.25
3BT 4 17730 212 175 1.21
7SL 1 6160 -63 -66 0.95
7SL 2 10660 -90 -114 0.79
7SL 4 17730 -164 -190 0.86
7ST 1 6160 -35 -66 0.53
7ST 2 10660 -44 -114 0.39
7ST 4 17730 -85 -190 0.45
4BT 1 6160 61 76 0.80
4BT 2 10660 106 131 0.81
4BT 4 17730 151 218 0.69
10SL 1 6160 -53 17 0.69
10SL 2 10660 97 -133 0.73
10SL 4 17730 -155 -221 0.70
8ST 1 6160 -49 -77 0.64
8ST 2 10660 -99 -133 0.74
8ST 4 17730 -153 -221 0.69
SBL 1 | 6114 | 89 69 1.29
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Table 3.24. Comparison of Measured and Calculated Strains from February 1993
WSDOT FWD Testing—PACCAR Test Section (Continued)

DROP AVERAGED MICROSTRAIN RATIO
GAUGE HEIGHT LOAD MEASURED | CALCULATED| (MEAS/CALC)

SBL 2 10563 114 119 0.96
5BL 4 17853 188 200 0.94
SBT 1 6114 119 69 1.72
5BT 2 10563 156 119 - 1.31
5BT 4 17853 233 200 1.17
17SL 1 6114 -54 -62 0.87
17SL 2 10563 -120 -107 1.12
17SL 4 17853 -164 -181 0.91
9ST 1 6114 -44 -62 0.71
9ST 2 10563 -98 -107 0.92
9ST 4 17853 -145 -181 0.80
Mean 0.90

Standard Dev. 0.26

48

63

n




0s¢C-

00¢-

3unsa], AMA €661 Areniqo,j—sa3nen
[eurpmI3uUoTT 208ING 910)) [BIXY 1O UreNS PAje[nofe)) "SA paInsedjA 61°¢ ISy

0st-

SUIBIJSOIIIJA PAINSBI

001-

0s-

o
w

8
1S0IIN PareNdE)

0sI-

00¢-

0sT-

sure.



$9

Calculated Microstrains
S

-250

-200

—
th
(e}

n
S

5

-50 -100 -150 -200

Measured Microstrains

Figure 3.20 Measured vs. Calculated Strain For Axial Core Surface Transverse
Gauges—February 1993 FWD Testing
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Table 3.25. Descriptive Statistics for Measured to Calculated Strain Ratios by Gauge

Type—February 1993 FWD Testing

MEASURED TO GAUGE TYPE -
CALCULATED RATIO SL ST BL BT
Mean 0.79 0.69 0.97 1.13
Standard Deviation, 0.16 0.16 0.18 0.27
Minimum 0.59 0.39 0.72 0.69
Maximum 1.12 0.92 1.29 1.72
Sample Size 12 12 12 12

Table 3.26. Descriptive Statistics for Measured to Calculated Strain Ratios by Drop
Height—February 1993 FWD Testing _

MEASURED TO FWD DROP HEIGHT .
CALCULATED RATIO 1(Sksi) | 2(10ksi) | 4 (17 ksi)
Mean 0.93 0.90 0.85
Standard Deviation 0.30 0.25 0.22
Minimum 0.53 0.39 0.45
Maximum 1.72 1.31 1.21
Sample Size 16 16 16

Table 3.27. Descriptive Statistics for Measured to Calculated Strain Ratios by Core—

February 1993 FWD Testing

MEASURED TO AXIAL CORE
CALCULATED RATIO Core 1 Core 3 Core 4 Core 5
Mean 0.84 0.92 0.76 1.06
Standard Deviation 0.21 0.32 0.08 0.28
Minimum 0.59 0.39 0.64 0.71
Maximum 1.17 1.25 0.92 1.72
Sample Size* 12 12 12 12

* Based on 3 drops at 4 gauges.
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5.5 Comgarg‘v on of October 1991 and February 1993 FWD Testing

Given the variability of the testing conditions, it is difficult to perform any
definitive comparisons between ‘the two FWD tests. Furthermore, making such
comparisons is not the primary purpose of the test section. However, at least two positive
observations are appropriate.

First, the BL gauges have shown the best agreement between measured and
calculated strains for both test series. Given the importance of this pavement response
parameter to mechanistic analyses, the impact of this observation is significant. Second,
the strain gauges have shown no sensitivity to load magnitude. Since future testing at this
track will examine the effect of varying loads and tire pressures on pavement response,
this condition is also critical.

The least satisfactory agreement between measured and calculated strains was
observed for the ST gauges. While this is unfortunate, the response measuréd by these
gauges is the least important for this section.

A cbmparison of the measured to calculated strain ratios for the October 1991 and
February 1993 FWD testing is shown in Table 3.28. While there is moderate variability
between the two tests, the mean value for the October 1991 to February 1993 ratio is
1.10. The amount of variability is not surprising given the uncertainty in alignment of the
FWD load plate over the cores.

In an attempt to evaluate individual gauge performance, the mean value of the
measured to calculated ratio was calculated for each gauge that was monitored during
both the October and February FWD tests. The results are shown in Table 3.29. All but
three gauges show relatively consistent performance.. Gauges 10SL and 5BT have a
reasonable measured to calculated ratio (mean value) but unusually high standard
deviations. Once again, FWD alignment over the core is a potential source of this
dispersion. The measured to calculated ratio for 7ST is substantially lower than all other
gauges.
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Table 3.28. Comparison of Measured to Calculated Strain Ratios from February 1993
and October 1991 FWD Testing—PACCAR Test Section

DROP MEAS/CALC RATIO RATIO
CORE GAUGE | HEIGHT Oct-91 Feb-93 (OCT/FEB)
1 1BL 1 1.08 0.90 1.20
1 1BL 2 0.95 0.72 1.32
1 1BL 3ord 0.97 0.76 1.28
1 1BT 1 1.00 1.15 0.87
1 1BT 2 1.06- 1.17 0.90
1 1BT 3or4 1.15 1.12 1.03
1 3ST 1 0.99 0.85 1.16
1 3ST 2 0.87 0.79 1.10
1 3ST 3or4 0.73 0.74 099
t 3 | 3BL | 1 | 1.00 | 1.13 | 0.88 |
{ 3. | 7sL | 1 | 1.17 | 0.95 { 1.23 |

3 | 75T | 1 o070 | 053 | 132 |
4 4BL 1 1.00 0.92 1.09
4 4BL 2 1.00 0.86 1.16
4 4BL 3or4 1.14 0.82 1.39
4 4BT 1 0.98 0.80 1.23
4 4BT 2. 097 0.81 1.20
4 4BT 3ord 1.04 0.69 1.51
4 10SL* 1 1.04 0.69 . 1.51
4 10SL 2 1.04 0.73 1.42
4 10SL 3ord 1.18 0.70 1.69
5 SBL 1 0.98 1.29 0.76
5 SBL 2 1.04 0.96 1.08
5 SBL 3or4 1.01 0.94 1.07
5 SBT 1 0.81 1.72 0.47
5 SBT 2 0.79 1.31 0.60
5 SBT 3ord 0.82 1.17 0.70
5 17SL 1 0.86 0.87 0.99
5 17SL 2 0.88 1.12 0.79
5 “17SL 3or4 0.94 0.91 1.04
Mean 1.10
Standard Dev. 0.28
n 30
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Table 3.29. Descriptive Statistics for Measured to Calculated Ratios for Selected
Gauges—October 1991 and February 1993 FWD Testing

Des(i;;:ag:ion Mean ls)g?g:;;g n
IBL 0.90 0.14 6
IBT 1.11 0.07 6
3ST 0.83 0.10 6
3BL 1.12 0.09 4
7SL 0.94 0.17 4
ST 0.52 0.13 4
4BL 0.96 0.12 6
4BT 0.88 0.14 6
10SL 0.90 0.21 6
5BL 1.04 0.13 6
SBT 1.10 - 0.37 6
17SL 0.93 0.10 6
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SECTION 4
PACCAR TRUCK TESTS

1. INTRODUCTION

Three series of full-scale truck tests were conducted. The first series (May 1 and
4, 1992) was preliminary in nature, and was to provide an initial evaluation of strain
gauge performance at different truck speeds and tire pressures. The second series
(September 28 and 29, 1993) were used in investigating the effects of truck speed, tire
pressure, and pavement. tempefature on pavement response. Further, these tests were
used to evaluate the computer program SAPSI for predicting pavement response under
moving loads. The third series (September 30, 1993) was designed to investigate the
concept of spatial repeatability on pavement damage by studying the response of different

-trucks to the roughness of the pavement surface.

2. INSTRUMENTED TEST SECTION

As mentioned in Section 3, the instrumented test section is 40 ft long and is
preceded by 116 ft and followed of 98 ft of smooth asphalt concrete pavement. The
section is closed to vehicular traffic except during scheduled pavement testing. The axial
cores were displaced laterally to allow coliection of strain measurements from both wheel
paths and the approximate centerline of the wheel base. The longitudinally oriented
surface gauges were specifically designed to evaluate the dynamic response of a trﬁck as
it travels down the pavement section. The maximum safe speed for testing on this track

section was 45 mph so the tests were conducted at creep speed, 20 mph and 40 mph.

3. TEST TRUCKS
Most of the truck testing used one main experimental vehicle: a Peterbilt 359
truck with a load frame and instrumented axles. For the spatial repeatability testing, three

more trucks and two trailers were used.
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3.1 Prima_ry Test Truck

The only truck used for the smooth track tests (i.e., no induced pavement
roughness event) was a fully loaded-Peterbilt 359 with a four leaf spring suspension on
the drive axle. This truck had been disassembled at the University of Michigan
Transportation Research Institute where its physical and dynamic properties were

thoroughly documented. The elevation and plan views of the truck are given in Figures

4.1 and 4.2, respectively. The static wheel loads are given in Table 4.1. The test truck was |

chosen because of this characterization, its instrumentation, and because the majority of

trucks use this suspension type. A strain gauge bridge was mounted at each end of each of

‘two controlled axles. Strain measurements were combined with acceleration

measurements to calculate the tire forces after the tests.
3.2 Spatial Repeatability Test Vehicles

In addition to the Peterbilt 359 truck, a smaller Peterbilt 330 truck and two larger
Kenworth T600 and T800 tractors were used for the spatial repeatability tests; two
trailers, a 48-ft van trailer and a 40-ft flatbed trailer, were also used for a total of four
tractor-trailer combinations. The Kenworth T600 tractor was equipped with air
suspensions on the drive axle whereas the Peterbilt 330 was a single unit truck which had
leaf spring suspensions. The Kenworth T800 tractor had a walking beam suspension on
the drive axles. Both trailers had leaf spring suspensions. None of the additional trucks
and trailers were equipped with instrumented axles. Consequently, it was assumed that
the repeatability of the truck response for a given pavement roughness could be indirectly
studied by examining the pavement response at closely spaced surface strain gauges
along the test track. Figure 4.3 shows the longitudinal dimensions of the various vehicles.

Table 4.2 contains various vehicle measurements.
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Figure 4.1 Elevation View of Peterbilt B359 Truck
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Figure 4.2 Plan View of Peterbilt B359 Truck
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Table 4.1 Static Wheel Loads of Test Vehicles

Text Left Right | Left | Left Right | Right | Left Right | Left Right .
Vehicle Steer | Steer | front Rear Front | Rear Front Fropt Rear Rear
Drive | Drive | Drive | Drive | Trailer | Trailer | Trailer | Trailer
PB330 6321 6395 | 11486 | N/A | 11374 | N/A N/A N/A N/A N/A
PB359 5540 | 5410 | 8080 7540 | 7700 | 7890 N/A N/A N/A N/A
T600
w/flatbed | 5918 | 5986 16632 17255 7759 | 6975 7443 8720
-T600 6088 | 5738 15531 17137 17493 16058
wivan
T800 5778 | 6092 15206 17019 7601 6814 7595 8813
w/flatbed
T800 5481 5862 14365 16681 8562 8457 8401 8187
w/van
* All dimensions are in inches
Table 4.2  Tire Geometry of Test Vehicles
Vehicle Truck Width - | Tire Width - Truck width - Tire Width - | Gap Between -
Steer (outside Steer Duals (Outside Duals Duals
Tire Edge) Tire Edge)
PB330 86.5 8.75 94.5 8.75 4.625
PB359 88.75 8.5 94.75 8.5 5
T600 89 9 95 9 45
T800 89.25 9.25 95 8.75 4.75
Flatbed N/A N/A 93.25 8.75 4625
N/A N/A 99.5 | 8.75 4625
75
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Figure 4.3 PACCAR Test Vehicles
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4. SEPTEMBER 28-29, 1993, TRUCK TEST RESULTS

The formal series of full-scale truck tests were conducted on September 28 and
29, 1993, on PACCAR's test track. The primary goals of these tests were:

. to investigate the effects of vehicle speed and tire pressure (or contact
area) on pavement response.

. to investigate the feasibility of using the SAPSI computer program for
predicting the dynamic pavement response to moving loads.

4.1 Test Procedure

All tests were done using the Peterbilt 359 truck. Testing was conducted in three
blocks: mid-morning of September 28; afternoon of September 28; and mid-morning of
September 29. Each test block consisted of three sets of tests corresponding to three
different tire pressures: 90 psi, 58 psi and 31 psi. For each tire pressure, three truck
speeds were used: Creep speed (1.7 mph,) 20 mph and 40 mph. The tests were conducted
in triplicates and according to a random order.

After some trial runs, data acquisition was almost continuous since the data was
written to disk, the files renamed, and the input for the next run entered just as the truck
made it back around the test section of track. A test was possible every three minutes
(when all systems were functional). The tests required 'at least four people: the driver,
one for data acquisition in the truck, one for the pavement computers, and one for
marking and reading the offset between the truck tire and the pavement core.

Because of the results in the preliminary tests (May 1992), special care was taken
in marking the pavement and reading the tire imprint. Lime dust was used to show the tire

imprint. If the offset was greater than four inches the test was repeated.

4.2 Test Results

Test results consisted of strain measurements from the different axial cores and

surface gauges as well as tire load measurements from the truck-mounted gauges.
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4.2.1 L.oad Measurements

The load measurements were used to investigate the variability of tire loads with
runs of equal truck speed and tire pressure and to study the effects of speed and pressure
on tire loads. Figure 4.4 shows typical variability of the load at different truck speeds and
tire pressurés. The results indicate that the variability is within 5 percent. The figure
shows that the average moving loads are somewhat lower than the static load—generally
within 10 percent or less. The load differences decreasel with decreasing test speed.
Some of these observed load differences are likely due to the measurement mechanism
mounted on the truck since the average dynamic loads are expected to be a little higher
than the static loads. Therefore, the measured static loads were used as the peaks of the
load pulses in the portion of the analysis where SAPSI was used to predict pavement
response.

4.2.2 Strain Measurements

Strain measurements were used to investigate the effects of truck speed and tire
pressure on pavement response. Figure 4.5 shows typical time histories of measured
strains in the AC layer. The discussion above indicated that the variability of the load
(test run to test run) was quite small in these tests. Other significant variables which
should be accounted for in the analysis are the pavement temperature and the offset
distance between the truck wheel and the strain gauge. Within a subset of tests with
constant tire pressure, the pavement surface temperature did not vary much; this should
mean that the temperature at the bottom of the asphalt concrete layer should be very close
to a constant within each subset of tests. Accordingly, no temperature correction was used
in analyzing the effect of truck speed for a given subset of tests with constant tire
pressure. On the other hand, the effect of the offset between the applied loads and the
recording strain gauge must be adjusted. These adjustments were made by use of the

SAPSI computer program.
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